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SUMMARY

The study was conducted to demonstrate the feasibility of low-

cos t , conformal , printed circuit board arrays . Development was

concentrated in three basic areas: waveguide to microstrip tran-

• si tions , a 4x4 element array at 35 (‘~Hz , and a 4x4 array at 60
(Hz. The program was successfu l in each area of investigation .

• Waveguide iris and probe-typ e transitions were

investigated. The probe-type transition is

pr esently being employ ed at 60 GHz whi le bo th
coaxial and probe-type transitions are being

used at 35 flHz .

• Two variations of a 35 CHz 4x4 element array were

develop ed , fabricated and tested. Results demon-

stra te the f easib i li ty of mi cro st r ip mi l l ime ter
;rrays at 35 (‘1Hz with efficiencies of approximately

• Two variations of a 60 GI-l z 4x4 element array were

developed , fabr ica ted and tes ted. Resul ts demon-
stra te the f e a s i b i l i ty of micro stri p m i l l i m e ter ar-
rays at 60 GHz wi th e f f i c i e n c i e s  of approxima tely
78%.

BBRC has si gn i f i c a n t ly advanced the micro st r ip mi l l ime ter a r ray
technolo gy in a l l  areas of des ign , including simplicity in de-

si gn , monoli th ic in cons truc tion , conformal  in moun t ing ,  and at 
________

• ~ ;&~~ iu~relatively low cost. NTI$ WhIhp 3ectIc~~~• IUff SSctks D
IINNIIIOuNctD 0

• - *I$TIFICATION _________

m i i ~ jAVMtA~[flY cco[s
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Sec tion 1
THEORY OF MICROSTRIP

1.1 BASIC MICROSTRIP ANTENNA CONFIGURATION

The linearly polarized microstrip element is basically a two-slot

radia tor 1 as shown in Fi gure 1-1. The two slots are separated

cIlI’OU~

COP’II r.elUNI ~.*NI

Fi gure  1 - 1 Lin ear l y Pol a r i z e d  M ic ros t r i p  Elem en t

by a length of very low impedance transmission line. The length

of this line can be made just short of a half wavelength so that

the complex admittance of Slot A is tran sformed to G5 at Slot

B where it is add ed in para l le l  wi th the admi ttance G5 of Slot B.
The result is a real admittance corresponding to the radiation

admi ttance of the antenna plus a small loss component.

Losses depend mos tl y on the loss tan gen t of the dielec tric ma ter-
ial and to a lesser degree on thickness of the dielectric material

and the conductivity of the conducting surfaces. The dimension s

of the cavity may be expressed analytically as:

L510t A 1 (1-1)

r

Lcavi ty A K 
~ , for K<l (1-2)

p/~

.

r: 1 R. E. Munson , “Conforma l Micros trip Antennas and Microstrip Phased
Arrays ,” IEEE Transactions on Antennas and Propagation , Vol. AP-22 ,
No. 1, January 1974 , pp. 74-78.
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where A is the fre e spac e waveleng th , K accounts for radiator

edge c a p a c i t a n c e , and E r is the real  part of the dielectric constant .

Fi gure 1-2 is a s e c t i o n a l  r e p r e s e n t a t i o n  of the  elec tric f ie l d

SMI*TI~~ EU~~ UT

coma s~~uia PLUS

Figure 1-2 Electric Field in Vicinity of Microstrip Elerne i~t

in the vicini ty of a mic ro st r ip  radia tor.  Since the e lemen t is
abou t a ha l f  wavelen gth long in the d iele ctr ic , the field at one

end of the micros tri p cavity is reversed from tha t at the other
end of the cavi ty.  However , the rad iat ed fi e lds are in phase
and tend to add in the broad side direc ti on. Fi gure 1-3 show s

a typical B-plane pattern attributable to these fields.
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1 i g u r c  1- 3  f l - P l a n e  R a d i a t i o n  Pattern of L i n e a r l y
Po la r ized  M icros tr ip f i le ment

IL .—
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1.2 INPUT IMPEDANCE ANT) FEEL ) NETWORKS

Micros tri p an tenn a el emen ts may he fed by a feed line etched on
the same surface as the radi at ing elemen t or by a feed through
connection from the rear side of the circuit board.

For etched fe ed lin es the l ine wid th required for a given char-
ac ter is tic impedan ce can be calcula ted using the we l l -kn own form-
ulas  for a narrow st r ip conduc tor above a conduc ting ground p lane
or by reference to an empir ica l ly -der ived des i gn curve .

L L A / 2

______________________________________ 

1
x/4t1f_

1l0c
~ 1f_

i loc
~

• 100Q ___________

X / 4 t  
j

70f~

•1
inpu t

_____  Li

[f
1lo~ I—~c~ 1tu00

l00~2

Figure  1 -4 Typ ical M i c r ost r ip Feed Ne two rk

Fi gure 1-4 shows a typ ical fe ed ne twork us in g quar terwave trans-
- • formers to tr an sform the d r i v ing  impedance of the radia t ing el-
• - ement to t ha t  of the  input  p o r t .

The m i c r o s t r i p  r a d i a t o r  shown in F igure  1-4 is shown in cross-
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M I C R O S I R I P  R A D I A T O R  ( C O P~ k )
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7

TH ,( N ( S S
1_

GR O I J N O
P L A N E  ( C O P P L R )

Fi g u r e  1-5  M i c r o s t r i p  R a d i a t o r - C r o s s  Se c t i o n  V i e w  i n L - P L t n c

s e c tio n v ie w in Fi gure 1- 5 .  ( a p  A i~ an inf initesimal slot

(i n 0. 010” m i c r o s t r i p a / A  0 . 03 at 35 (‘i H z ) .  The admi t t ance
of a s lot  r ad i a to r  is given in Harrington 3 for small ka(a/X<0 . l)
which is always the  case in microstri p antenna practice .

~ r (ka) 2l
‘a ~~ 

- 

24 
j  

( 1-3)

Ba 3.135 - 2 lo g ka ( 1 -4 )
Ar ~

In most m i c r o s t r i p  app l i c a t i o n s  k a / 2 4 < < 1  and the conductance
s i m p l i f i e s  to G a = = 1/ (A . 12 0 c ~m) or R~ = l 2 O X  c2.m. The
conductance is expressed in per  u n i t  l eng th  so that the resis-

tance of the Slo t A in Fi gure 1-5 is o b t a i n e d  by d iv id in~, R’~ by
the length

I) — Ra - 12 0A 
—

a t A / 2
-.

R.F. Harrin gton , Tim e h armon ic Elec t romagne t ic Fields , New
York , McGraw Hi ll , p. 276.

8 
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In the case of the microstrip radiator , the conductance and sus-

ceptance of Slots A and B are equal (G a 
= GB, Ba 

= BB). However ,

when the adm ittance of slo t B is transforme d across the radia tor to
the fe edpoint of slot A , it become s conjuga te  complex pr ovided the

rad iator width is chosen appropri ately. Since the characteristic

impedance of the tran smission l ine forme d by rad iat ing elemen t and

~~ound p lane is very low , the appropriate width deviates only slightly

:om .
~~~ . The a d m i t t a n c e  at the feedpoint then becomes :

= (G a 
+ iB a) 

+ (GB 
- iBB) (1-6)

and since B a = Bb and Ga = GB

= 2 Ga 
(1-7)

~: R 1. = = -

~~

-

~~

-

~~

- = l20~2 (1-8)

In prac t ice , this is the measured impedance . This theory is ac-

curate in predicting the input  impedances for  many des igns  each
with different frequencies , thicknesses , and radiator widths .

1.3 BANDWIDTH

The bandwidth of a microstrip antenna system is principally deter-
mined by the resonant radiating element. In te rms of the dielec-
tr ic  th ickn ess , t (inches) and the operating frequency , f0 (GHz)
the bandwidth Af (M1-tz) to the points at which the VSWR = 2.0:1
is g iven by the fo ll owin g emp iri cally-derived equation

4f 2t
(Mhz) = l28f~ t (1-9)

For antenna systems consisting of more than one resonant element ,
• the bandwidth is also affected h y the degree of coupling between

the el emen ts and t h ei r in d i v i d u a l reson an t fre quencies .  Thes e
effects are most conveniently handled by analysis of experimental

results obtained during the development of specific antenna con-
figurations.
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Section 2

COAX AND WAVEGUIDE TO MICROSTRI P T RANSITIONS

2 .1 C O A X /M I C R O S T R I P T RANSITION

The coax/microstrip transition (Figure 2-1) was employe d on the

OSSM Tfl.—Dieiectric I
ConnectorN~__JJ I I •

~1 —1—Dielectric

2 ’/ / / / /4~ p—Fee d Poir~t 1~~~~~~1-Feed Line
-
• 

Metal _.-i..II I I ~~ ~
‘
~f~Feed PointGround Plane L I

Fi gure 2-1 Coax/Microstrip Transition

35 GHz arrays because of  its simplicity , eas e in f abr icat ion , and

repeatability . This technique is identical to the typ ica l approach
used in microstri p antennas at lower frequencies. In this appli-

ca tion an OSSM* coaxial connector is soldered to the ground plane ,

or backpla te of the ar ray . Th e inner  conduc tor is extended throu gh
a hole in the diel ectr ic subs tra te and so ldered to the array feed
ne twork .

Omni Spectra , Incorporated data indicates an upper frequency limit

of 38 GHz for OSSM* connectors due to higher order moding problems ;

there fore, operating problems in us ing OSSM* connec tor s wou ld appear
to be limited to insertion loss. Us ing Omn i Spectra , Incorpor ated
figures , maximum insertion loss is defined by

Inser tion Loss = 0.03 Ifi~equency (GUz) dBmax (2-1)

This represents an insertion loss of app roximately 0.18 dE maximum

at 35 GHz.

* S u b m i n i a t u r e  connec to r  s i m i l a r  in des ign and cons truc t ion to the
SMA series connectors.

___ — — • 

10
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2 . 2  WAVEGU 1 1)11 ( I R I S )  / M 1 CRO STRI  P T RAN S IT ION

Due to the h ig he r  orde r moding  problems in coax ia l  components above
38 GHz , and the common use of waveguide in millimeter applications ,
a program was undertaken to develop a practical waveguide-to-

microstrip transition.

The wave guide i r is appro ach sh own in F igure 2 - 2  is a m o d i f i c a t i o n

~ 1 - . . ~~~~~~~~~~~~~
-
~~~~~- — ~~~~~~~~~~~

~
]

Wave b J~~le~j ..
___ 1Lelectr1c - 

—Feed Line

~~~~~~~~~~~~~~~~ 
Lin e ( ~~ —Iris

- ~

- f t - j~ I’~- z- • ~~~ —Wave guide

Li Meta l~~~]j —
••• 

~~~~~ 
~~.

Ground Plane

Fi gure 2 - 2  Waveguide  ( I r i s )/ M i c r o st r i p  T rans i t i on

o f a coaxia l/wavegu ide trans it ion schem e descr ibed in the “W ave-
guide Handbook”4 authore d by Dr. Marcuv it z .  The th in aper ture
at the end of the waveguide (microstri p ground p lane) exci tes
the m i c r o s t r i p  t r a n s m i s s i o n  l ine  wit h an odd mode f ie ld  pa tte rn
and provide s a two-way power division with a 1800 phase rela tion.

j  
The advantage in this desi gn lies in the direct transition ap-

p roach .

To facilitate fabrication , testing, and analysis , the iris wave-
• g u i d e/ m i c r o s t r i p  t r a n s i t i o n  was f i r s t examined  at  13 Gl-lz. F igure

2 - 3  shows the w a v e g u i d e  r e t u r n  loss  as a f u n c t i o n  of f r equency .
This return loss translates into a 2.0:1 VSWR bandwidth of ap-

p r o x i m a t e l y  65 MHz , compare d to a 2 .0 :1 VSWR b andwid th of ap p ro x-
imately 338 M h z  for a m icrostrip radiator.

N. Marcuvitz , Wave gu ide Handb oo k , Lexin gton , Massachuse tts , Bos ton
- -  Technical  Pub l ish ers , Inc., p. 174.

11
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~iiI n s e r t i o n  loss is shown in Fi gure 2 - 4  and is s p l i t  3. 6 dB and
4 .15  dB due to imbalance . These value s convert to a total in-

sertion loss of 0.85 dB at the optimum frequency for  the i r i s
transition. Anothe r  r e s u l t  predicted by theory is the 1800 phase

diffe rence caused b y t he  odd mode excitation of the microstrip

line. In actual use the feed point of the array mus t be located

1800 from the geometric center of the antenna array .

An attempt to increase bandwidth obtained with the circular iris

transition was attempted at 13 GhIz using a dumbell shaped window .

The return loss data shown in Fi gure 2-5 indicates a good imped-
— ance match at a single frequency; however , bandwidth is still I

limited. 2.0:1 VSW R b a n d w i d t h  is approximately 26 M I-h z , less than

half that of the circular iris. Fi gure 2-6 shows insertion loss

for the tuning of Fi gure  2 - 5 , and also insertion loss for tuning

- ~• to minimize insertion l o s s .  To ta l  insertion loss for these two

cases are 1.9dB and 0 .8 d B , respectively.

2.3 WAVEGUIDE (PROBE)/MICROSTRIP TRANSITION

Investigation of the probe-type waveguide/microstrip transition

sh own in Fi gure 2 - 7  was under ta ken when the narr ow bandwid th
-~~ characteristic of the iris-type transition became apparent. This

desi gn i n c o r p o r a t e s  a p robe  l o c a t e d  A / 4  f rom a shor t  in the  wave-
guide and the  d e s i g n  is quite strai ghtforward . Two tuning screws

were used to tune out standing waves in the waveguide . Gold

plated screws were used a t  35 ( ‘lIz and dielectric tuning screws

were used at (
~

) GlI z . Fi gure 2-8 shows return loss as a function

of frequency for a waveguide probe type transition at 13.0 GHz.

2.0:1 VSWR bandwidth is greater than 400 M h z , which  ex ceed s the
expected 2 . 0 : 1  b a n d w i d t h  of a m i c r o s t r i p r a d i a t o r  (~~338 M H z ) .
Inser tion loss is shown in Fi gure 2-9 for two hack-to-back transi-

tions , indicating an approximate loss of less than 0 . 2  dB per
transition over the 401) MH z frequency range.
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2 .4 TRAN SITI ONS - SUMMARY

Table 2 -1 is a summary of bandwid th and inser t ion los s values at

13.0 GHz for the various transitions investigated.

Table 2-1

Transition Bandwidth and Insertion Loss
(13.0 GHz )

_______________________________ ____________— 
Inse r t ion

2 . 0 : 1  VSWR Inser tion Loss
Transi t ion Type Bandwid th Loss Bandwid th

Coaxial >400 MHz 0.11 dB Large
Waveguide Iris (Circular) 65 MHz 0.85 dB Narrow
Waveguide Iris (Dumbell) 26 MHz 0.80 dB Narrow

Waveguide Probe >400 MHz <0 .20 dB Large

Because the c i rcu lar ir is app roa ch is more stra ightforward from
a fabr ica tion stand poin t , both the waveguide iris and probe con-

figurations were investigated at 35 Ghlz . Since equi pment l imi ta-
tions prevented thorough measurements of transition performance

at 35 GHz , a discussion of the array/transition combinations is

included in Section 4 of this report.

I
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Section 3

ETCHING

3.1 GLASS PLATE NEGATIVES

Repeatability problems with etching early in the study indica ted
a need to develop a highly refined etching technique for milli-

meter wave antennas . This problem was approached in two ways ;
first through the use of glass plate negatives , and secondly
through a thinner copper cladding on the antenna substrates.

Since the 5 inil feed lines required in the 60 GHz arrays approach

microcircuit dimensions , the microcircuit etching technique of

using glass p la te  negat ives  was employed.  These glass  p la tes
provide greater  s t ab i l i ty  as well  as hi gher resolu t ion  than the
typically used film negatives.

3 .2  COPPER THINNING

Another  factor  a f f e c t i n g  tolerance during the e tching procedure
is “undercutting.” Typically, it can be expec ted tha t undercu tt ing
at any etched edge wi l l  occur on a one-to-one proportion with the
thickness of the copper c ladding.  With the s tandard 1 oz .  (1 .4
m u )  copper cladding, this becomes a si gnificant problem when con-
sidering the S to 10 mu feedlines  employed in the 35 and 60 GHz
arrays .

This situation was initially approached by developing a copper

- -  
th inn ing  technique which reduced the orig inal 1 oz .  (1.4 m u )
copper c ladding  to approximately 1/2 oz .  ( 0 . 7  m i l ) .

Later  in the study , BBRC obta ined from the manufac tu re r  a q u a n t i t y
of subs t ra t e  ma te r i a l  w i th  1/4 oz .  ( 0 . 4  m i l )  copper c l a d d i n g .
Photographs of two 60 GHz arrays observed under ident ica l  magni -
f i c a t i o n  are shown in Fi gure 3-1. One array was etched on a 1 o z .

- 1
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(1.4 m u )  copper cladding while the other was etched on a 1/4 oz.

(0 .4 mi l ) copper cl addin g. Th e e f f e c ts of undercu tt in g are very
obvious in these  p h o t o g r a p h s .  The 1/4 oz .  ( 0 . 4  m u )  copper clad-

din g is essential in maintain ing the high etching tolerances re-

- quired for work in the millimeter wavelength reg ion.

-
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Sec t ion  4
35 ( ‘lI z 4x4 ELE M I ~NT A R R A Y S

4.1 COAX FED SCALED ARRAY

The f i r s t  35 G1{z 4x4  e lement  a r ray  to be f a b r i c a t e d  and t e s ted
wa s a scaled ver sion of a 4x4 elem en t arra y d eveloped at 2 . 7  GH z .
The arr ay was or iginally developed at 2.7 GU z due to the diffi-

cu l t i es  involved in measuring performance parameters of individual
array e lements  at 35 Gllz . Fi gure 4 -1  shows the  measured H-p lane
rad ia t ion  p a t t e r n  of the  4x 4  e lement  a r ray  at 2 . 7  GHz .

The negative of this array was then reduced to the size required

for  opera t ion  at 35 Ghl z . The f i r s t  35 GHz 4x4 element  a r ray  was
etched on a 10 mu I)uroid 5880 substrate having 1 oz. (1.4 mil)

copper c laddin g . A photograp h o f th is array is shown in F igure  4

4-2. Measured fl and 11 plane radiation patterns are shown in

Figures 4-3 and 4-4. These patterns compare very well with theoret-

ical computer generated patterns which are shown in Figures 4-5

-

• 

and 4 - 6 .  The a r ray  had an ac tua l opera t ing  f requency  of 3b.6 GHz
and was fed with a short section of 0.085” s e m i r i g id c o a x i a l  cab le .

~~ The f ol lowin g is an an a l y s is o f the arr ay p e r f o r m a n c e :

Theor et i cal Ga i n  17. 84 dB
(G =  4rr Area )

x 2

Measured (‘,ain 16.00 dB

Loss in feed cab l e
and connectors 0.40 dB

M i s m a t c h  loss  0 3 )
(VSWR = 1.7:1) . .  ( dB

Actual Gain 16.70 dB

E f f i c i e n c y  ~ 17.84 d13 - 16.70 dB 1.14 dB 77%

• 24 j
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Losses r e su l t i ng  in the 77% e f f i c i e n c y  can be a t t r i bu t e d  to cli-
e lectr ic  loss and feedline radia t ion .

4.2 WAVEGUIDE PROBE FED SCALED ARRAY

Another test antenna was fabr icated using the 4x4 element scaled
array and the waveguide probe-type feed. The appearance of this

antenna is similar to that shown in Figures 4 - 7  and 4 - 8 .  Measured
B and H plane radiation patterns of this configura tion are shown
in Figures 4 -9  and 4- 10 .

Following is an analysis of the array performance :

Theore tical Gain 17 .84  dB
Measured Gain 13.30 dB

Loss in WG/micros t r ip  ~ 3.00 dB
transition

“ Mismatch loss ~ 0.25 dB
(VSWR ~ 1.6:1)

Actual Gain 16.55

— Eff ic i ency  17. 84 dB - 16 . 55 dB 1. 29 dB 74%

Again , loss resu l t ing  in the 74% e f f i c i e n c y  can be a t t r ibu ted  to
d ie lec t r ic  loss and feedl ine  radia t ion . The hi gh amoun t of loss
a t t r ibu ted  to the waveguide/inicrostr ip  adaptor was due to the use of
steel tun ing  screws in the waveguide . This loss was reduced to
less than 1.0 dB when the steel screws were replaced wi th  gold-
p la ted  screws .

4.3 WAVEGUIDE IRIS FED SCALED ARRAY

A third test antenna using the scaled 4x4 element array and the
i r i s- type  waveguide feed was fabr ica ted  and t es ted .  Measured E
and H plane radiation pat terns  of th is  antenna are shown in Fig-
ures 4-11 and 4- 12 .  Resul -U s were not ve ry encourag ing.  This

IriiL.j 31



W 

- ‘ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_- - S . -. ___.S , . s _ S ~~. 

- 
- _ . _ _ . _

_ _ ~~~~~~~~~ _

F77-07

t~r-
- 

- il
N.

~~~~~~~~~~~~~~~~~~~~~~~~~ 

l
~

, I
~

I (
~

I f  l i i i  I i  ~~ I I I I  l i i i  I ‘~ ‘ 11 l I ’~ 
I 

I ‘ I ’ 11 I I 
~~ ~

I 
~
I

C 01 O~~~ 09 I /~ 1 06 OOt Ott  0

~O 110 100 90 ) 60 50 40

IIIIIIIIIiIIIIiIII1 ilij ilibj ililitili iIj I,hIif~hui I~l, 11,11111111!1h11111111h1111111,1111111111111111fd1111111 ~~~~ iIitiId~thltIit ii — ~ 64 
~

Figure 4 - 7  Waveguide Probe Fed Array (Front View)

- - 
32



F77-07

tV /,
I

- / -- . _
.

• -
-5

—
- -

:1. 
.9 ,_ . ‘__5_5

• ~ 

.‘. •.

‘S . - 5

.9

‘Is V S

L 
‘I’

0

~~~~~ ‘ I’~”~
1” ‘1” I I I I I I I I  I I ‘ I I ’  ( ‘  1 1 1 1  I I I I I I  

I 1 1 1 11
Dl O~~~~ 09 I, 14~ 06 001 OTt O~~~~~t

10 100 90 60 50 40

~I IIIIJJIIIIIIIIIIIII IJ J J ,J IIJ J IJ ,II J IJ I JI,IIIJJJJJJIJ1JuJJJIiIEIJ5[dJ_IIIJiL[1kIdLt~IlEII I, !i ~~~~~~~~~~~~~~~~~~~~~~~~

Figure 4 - 8  Waveguide Probe Fed Ar ray  (Back View)

33
l.A t -



F77 O7~~~~~~~~~~~~~ 

~~~4T t?5:. ~ ~:
~~-SS ~~. )

350 10

- S

.flT1~~~~ Z~ /~

I 

~•I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
5

~

i

-S-

; 

1

/ 4 

\~~~ 

/ 

~~~~~~~ /

,
130 / - . - 

- 
- 

- - - • • - 
4 5 . . . - - - S 230

- - 
- : - 

~~ 
- - 

- 
. -

.
-
. 

~:- :- 
-
~~~~~~~ : 

~~
-

.

‘

220 / 
I \ 140

140 
- • • 

-
~~~

• - 4 S 4 ~ ~:: • \  - _ 
5 

S 
220

2 10 4 4 4  150
150 .: - .: : ; ~~~ ~~~~~ 

~~~~~~~ - 210
200 5 _ 5 3 5 F 5  I 4 ’ ~~ 

- - 1 6))
160 190 180 170 201)

170 190

Figure  4 - 9  E -P lane  Radia t i on  Pa t t e rn  (36 .6  GHz)  WG Probe Fed

34 
—

~~~~~~~~~~~
~—



~~~TEiIIT: ‘ITII I

F77-07~~~~~~~~~~~

’ BEST AVAiUJ;L~ COPY

3~0 1))
34~I 1) )  __ ~~~~~~

) ( )  
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 

r - -,

-
~ 4 1 5 

~~~~~~~~~~ ~~~ 
5 5 St ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~
—
-

~~~~ \- - - .
~~~

. - -
_ 

- 5 - -  5 - .5
. 

~~~~~~~~~
.4 _ 5 u  <5” \ -  \ ~~~~\•

- ---\
~~~-/\ /\  

! - - I

- 
- / \ ) \ \ \ LJ~~~~

310 ~< •\ s .4~~~~:~~~~~~~~
:

, ~~ •
~~\ H ~~~~~~~~~~~~~~~~~~~~~

~ ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~ \-: 1- ’ -

~~~~~~~~~~~4~~~ ~~~~~~~~~~~~

‘

J
/ y ~~f~~~\ \ ) /  /~ /Xj/ >cT — 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~

2 70 ~~~~~~ I J 1 1  -
~~~ ~~~~ 

-

O—+ — —5— ~
—-
~
-—
~
—
~ 
1CI + +415+ --—-20 - ,ii~~430 -- ~~>— i~) ’ ~~~.31 --—--—— 2~~

- - -  - —
~~~~~

—-—----— ‘ - ——-—-- ——— - — —
-S
.—

-— 

3u \ ‘_
~~ 

- 

-

1(
~t) /

- - -
- 

- -~~~~~ - S 
- - 5

- - - - - ,
~~~~

- S ~ 
- . ( 4

3 1 
-

~

~~~~~ 
/ 

~~~~~~~~ N 

/ -S

75~ - 

-,
~~~~ >,,

/ 
— 

- 

/ 

~~~

230

20() - 5 

~•~L_ ~—-— I

1(
~

(J 10( 3 1 0 ‘10
1 1(1 , 1~~ )

F igure  4 -10 U - P l a n e  R a d i a t i o n  P a t t e r n  (36 .6  G H z )  WG Probe Fed

35



- - _S_•SS• 
~~~~~~~~~~~~~~~~~~~~ 

-~~--~~-‘- S - - - -
— _

~~~~
_5__-S__ -5 .

__
_ -S —~~~~ • _ _ __*•.~~_5.4.___S_5__SS__ _ 

- - — I ( r —~~--s—-s---

F77-07 ~~~~ r~cci A\ IA !~~~’’ rnr~yi.ii.j, n~ r~ ni~~~ ~~Ji

_ S

_
i

• _ -

-5- - ~v— _ • 1 A 1

- /  - - ‘ ~T~t” 5
- S ~~~~~~~~~~~~ 

\
. 

- - 
. - 

- 
/ - .

- 
- •. W .  ~~~~~ ~~ ~~~~ ~od~ 

- 
-

6 0 /  5 5 
- S 

S 5 5 5~~~~~~~~~~~~ 
- 

A : - •  -

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S 

•~ &~~~~tt~~~~~ a~4~~~~~-~~~~~4.Odb 
. -

29(’~ 5 - -

7 

I
I 

- 
-/ -  

- - 

5 

. 
5 ’  

~~~~~~~~~~~~~~~~~~~~~~~~~~ -

1 - 5 

- 
•

280 / - • - 
-

80 !S-.—.- _ _.- _ 
- -

— 5

- : • -

261) ~~~~ .- 
- 

S

- 
S - - -

t \ -  - 

S - 
- -

1 10\

~~r-

Figure  4- 11 E - P l a n e  R a d i a t i o n  P a t t e r n  (36 .6  GHz)  WG Ir i 3  Fed

36



W’~i i&~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~

— s S ~~~~~~~5 5 - ~~~~~~~ 5•~~-_ - 5_ 55 
~~~~~~~~~~~~~~~~~~~~~~ S 5 _ ~~~~~ -- -- ~~~~~~~~~~~~ - 5 -

F77-07

B £51 AVAILABLE COPY

H 
- I

.1

i i

I I

I Figure 4 - 12 H-Plane Radiat ion Pat te rn  (36 .6  GHz)  WG Ir i s  Fed

S 5 -- 

37



— s5~Fk 
~~~~~~~~~~~~~~~~~~~~ ~~ .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- • -

-
~~ 

-

~~~~~~~~I,1F77-07

can be a t t r i b u t e d  to the  b a s i c  a r r a y  design , th roug h which  feed-
line dimensions are predetermined. This does not allow optimum

S sL.ing of the iris , the reb y de g rad ing impedance ma tchin g and
transition perfo rmance . The severe pattern degradation observed

in Fi gure 4- 11 can resul t i f the t rans it ion does n ot produce the
theoretical 1800 pha se d i f fe rence in the f eed l ines (see Sec tion
2 . 2 ) . Since the two major feed lines are phased 1800 to balance
the transition phase shift , an ove rhead null will appear in one

p attern plan e if the trans it ion is no t func tionin g prop er ly .

Since v e r i f i c ation of array feasibility was the basic purpose of

the study ,  development of the iris-type waveguide transition was

discontinued and the probe-typ e transition was used in r e m a i n i n g
applications .

I

4.4 COAX FED ARRAY , NEW FEED SYSTEM

Analys is  of the scaled 4x4 e l emen t  a r ray  ind ica ted  tha t the a r r a y
feed sys tem con tain ed the la r gest po ten t ia l for  improve d pe rf o rm-
ance . Th is conclus ion was arr ived at fo r  two reasons:  f i r s t , the

scaled vers ion con tained impedanc e matchin g tr ans fo rmers  only at 
S

the first power division points. The remaining two power division

junctions were unmatched. Second , all fe ed line corners were
square , po ssibly contributing to spurious radiation .

Fo r these reason s, a feed system was desi gned h av ing ma tchin g

t ran s fo rmer s  at al l  power  d i v i s i o n  j u n c t i o n s .  These t r an s fo rmers
were tapered , and a l l  sharp  co rne r wer e round ed to reduce the
p o s s i b i l i t y  of  spur ious  r a d i a t i o n . This  a r r a y  was e tched on

-

S 
10 mil Duroid 5880 having a 1/4 oz• (0.4 m u )  copper cladding.

Measured E and 11 pl ane pa tte rns a re sh own i n Fi gure 4-13 and
4- 14.

Ii
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An ana lys is  of a r ray  per formance  fo l lows :

The ore tical Gain 17 . 8 4  dB

Measured Gain 14.80 dB

,. Loss in Connector 0.2 0 dB

S 
Mismatch  Loss
(VSWR 1.9:1) 0.45

Ac tual Gain 15.45 dB

- E f f i c i e n c y  17 .84 dB - 15.45 dB 2.39 dB 58%

The reduced ef f iciency of thi s array indica tes tha t tolerances of

-. 
feed lin e parame ters are too sensi tive to al low design by formul as
used at l owe r fre quencies.  I t is expec ted tha t i f taken throug h
developmen t at a lower fre quency , this feed sys tem des ign w ill
resul t in an improvement in efficiency ove r the arrays described

in Sections 4.1 and 4.2.

I ~ -. 4.5 35 GHz ARRAY SUMMARY

Table 4-1 is a summa ry of  investigated array performance .

~~1

I
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Table 4-1

ARRA Y PERFORMANCE SUMMA RY

— ___________________ 

(36.6 GH z)

Waveguide Coax Fed!
Coax Fed! Probe Fed/ - New Feed

Scal ed Scaled Sys tem

Ef f i c i ency  7 7 %  74% 58 %

Gain

• Theoretical 17.84 dB 17.84 dB 17 .84  dB

• Measured 16.70 dB 16.55 dB 
- 

15.45 dB

Relative Bandwidth >400 MHz >400 MHz >400 MHz

Pa t t e rn  Qual i ty  E x c e l l e n t  Good Good

Sidelobe Level
• E-Plane -15.0 dB -11. 5 dB -11.0 dB

• U-Plane - 12.0 dB -13.0 dB -14.5 dB

VSWR 1.7:1 1.6:1 1.9:1

- 
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Section 5
60 GHz 4x4 ELEMENT ARRAYS

5.1 WAVEGUIDE PROBE FED SCALED ARRAY

Two versions of the 60 GHz 4x4 element arrays were fabricated

and tes ted .  One was a scaled version of the array developed at
2 . 7  GHz . This is the antenna shown in the lower center of Fi gure
5-1. The other was a scaled version of the array having a modi-
fied feed network developed at 35 GHz . This array is shown in the

upper center of Figure 5-1.

The scaled array was etched on 5 mil  Duroid 5880 having a 1/4
oz .  ( 0 .4  m u )  copper cladding and was fed using the waveguide probe
technique . E and H plane rad ia t ion  pa t te rns  of this  antenna are
shown in Fi gures 5-2 and 5-3 .  Theoret ical  computer generated
radiation patterns of this array appear in Figures 5-4 and 5-5 .
The array actual ly  operates at 57 .05 GHz .

1

Following is an analys is  of the array performance:

Theoretical Gain 17.83 dB
Measured Gain 8 .00  dB
Loss in W/G microstr ip 0 . 7 0  dB

t rans i t ion
Mismatch loss 0.10 dB
(VSWR 1.3:1) 

_________

Actual Gain 9 .8  dB

Eff iciency 17. 83 dB - 9.80 dB ~ 8.03 dB 16%

Since etching tolerances and fabr ica t ion  techn iques become ex-
t remely  c r i t i ca l  in the 60 GHz reg ion , it is expected that  a
considerable  port ion of the e f f i c i e n c y  loss can be a t t r i bu t ed
to these areas . It would appear that  fur ther  ref inements  in
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etching and fabrication will greatly improve antenna performance.

5 2  WAVEGU ID E PROBE FED ARRAY , NEW FEED SYSTEM

A second array was fabricated and tested using a scaled negative

of the array using the revised feed system developed at 35 GUz.

This array wa s also etched on 5 mil Duroid 5880 having a 1/4 o z .
(0.4 mil) copper cladding. The array operated at approximately-

57.4 GHz . Measured E and H plane radiation patterns of this ar-

ray are shown in Fi gures 5- 6 and 5 - 7 .  These pa t te rns  compare
- - qui te wel l wi th the theore t ical patt erns of Fi gures 5-4 and 5-5.

To f a c i l i t a t e  f a b r i c a t i o n  of t h i s  antenna , a short  piece of 0 . 0 8 5 ”
semiri g id coax ia l cab le was u sed between the waveguide/ co ax trans-
ition and the actual array . Since the array func t ioned  r e l a t i ve ly
well , it was assumed there  were no moding problems in the coaxial

cable .

Following is an an aly sis of the array performance :

Theore t i ca l  Gain 17.83 dB
Measured Cain 15.76 dB

Loss in waveguide/coax 0 .5 0  dB
transi t ion

Loss in 0 . 6”  of coax cable ~ 0.11 dB

Misma tch l oss 0 .37 dB
(VSWR 1 .8:1)

Ac tual Gain 16.74 dB

E f f i c i e n c y  1 7 . 8 3  dB - 16.74 dB ~ 1.09 dB 78%

The e f f i c i e n c y  of t h i s  a r r a y  is d i r e c t l y  comparable w i t h  experi-
menta l  r e su l t s  ob ta ined  at 35 G I I z .  This e f f i c i e nc y  va lue  sugges t s

- - an undetec ted  p r o b l e m  w i t h  the scaled a r ray  or a m a l f u n c t i o n in g
-- of equipment  d u r i n g  p a t t e r n  m e a s u r e m e n t s .
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1 The similar efficiency values at both 35 and 60 GHz indicate

that the advantages of the microstrip approach to antenna
- systems do not deteriorate in the millimeter wave range .

5.3 60 GHz ARRAY SUMMARY

Table 5-1 is a summary of inves ti ga ted array perfo rmance.
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Table 5-1

ARRA Y PE R F ORMANCE SUMMARY

(5 7 . 0 5  t~ 5 7 . 4 . GI I z)

Waveguide Probe Waveguide Probe
Fed/Scaled Fed/New Feed

System

Efficiency l~ % 78%

Gain

• Theoretical 1 7 . 8 3  dB 17 .83 dB

• Measure d 9.80 dB 16.74 dB

Relative Bandwidth >800 M h z  ‘-800 MHz

Pattern Quality Good Excellent

Sidelobe Level

• li-Plane -18.0 dB -12 .2 dB

• Il-Plane -17 .0 dB -18 .0 dB

VSWR 1.3:1 1. 8:1

4 . .
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Section 6

EQUIPMENT

6.1 TEST SETUP

To f a c i l i t a t e  impedance and rad ia t ion  pa t t e rn  measurements , a tes t
f i x t u r e  was fabr ica ted  to accommodate the Impatt source , attenuat-
or , and f r equen cy me ter for bo th the 35 and 60 GHz applica t ions .
A photograph of th i s  f i x t u r e  is shown in Fi gure 6-1 .

In ad d i t i o n , a second horn an tenna was fabr ica ted for each fre-
quency for use as the R.F. source antenna. This made available

the purchased standard gain horns for use as references in making
- 

- 

comparative gain measurements .
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Section 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Overall resul ts  of the study are extremely encourag in g . A 4x4
element micros-tr ip  array having an e f f i c i e n c y  of 7 7 %  at 35 GHz
has been developed , fabr icated , and tested. Similar arrays

operating at 60 GHz have achieved efficiencies of 78%.

Two types of substrate ma terial , Polyguide and Duroid 5880 , were
analyzed dur ing the 35 GHz portion of this study. Polyguide has

a d ie lect r ic  constant  of 2 . 2 6  and a d i s s ipat ion fac tor  of 0 . 0 0 0 2 7
at X-band , while  the Duroid 5880 has a d ie lec t r i c  constant  of

- 
5 - 2 . 2 0  and a d i s s ipa t ion  fac tor  of 0 . 0 0 0 9 .  Because of i ts  composi-

t ion , the  d ie lec t r ic  constant of Polyguide is also more uniform
wi th i n a g iven area of ma te r i a l .

This data suggests that  Polyguide should be a p re fe rab le  sub-
s t ra te  mater ia l . Test resul ts , howeve r , indicate the performance
of the two mate r ia l s  is e s sen t i a l ly  i den t i ca l .  Duroid 5880 was
chosen for the remaining t es t ing  because it is much easier  to
work w i th .  Polyguide has a tendency to curl when etched and also
mel ts  when heated , as occurs when solder ing feedl ines  and con-
nectors to the array .

Measured rad ia t ion  pa t t e rns  both at 35 and 60 GHz compare very
well wi th  theore t ica l  p red ic t ions .  Main beam beamwidths  are
comparable and sidelobes and nu l ls  occur in the predicted posi-
t ions .  First  sidelobes are down approximate ly  12 to 13 dB ,
which agrees wi th  theory for a un i formly  i l lumina ted  array .

Usable bandwidth of the 4x4 arrays appears to be approximate ly  S

one percent , which is comparable  w i t h  t yp ica l  m i c r o s t r i p  antennas  
- 

‘S

at lower f requencies .

- 5 - - - --  S 5 -~~~~~~~~~-
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7 . 2  RECOMMENDATIONS

Two recommendations should be s t ressed in f u r t h e r  development
of microst r ip  mi l l ime te r  wave antennas .  F i rs t , as men t ioned  in

Section 3 , it is essent ia l  to use subs t ra te  m a t e r i a l s  whose
copper cladding is as th in  as poss ib le  ( i . e . ,  1/4 oz .  or 0 . 4
m i l ) .  This t h i n  cladding g r e a t l y  enhances the a b i l i ty to main-
ta m close to lerances  whi l e  reducing the e f f e ct s of undercu tt ing
duri ng e tching .

Secondly,  to ob tain maximum performance , mi l l ime ter an tenn as
should first be fabricated and optimized at a lower scale fre-

quency . This allows a much greater ability to refine antenna

- 

performance than is available at the millimeter frequencies ,
where measurement l i m i t a t i o n s  inh ib i t  accura te  de t e rmina t ion  of
individual component per formance .
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